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In the present paper, highly efficient organic optoelectronic conversion has been demonstrated,
induced by the electric double layers (EDLs) in ionic liquids. For the organic photocell, indium tin
oxide/ionic liquid/charge-separation layer (zinc phthalocyanine:fullerene)/aluminum, in which the
EDLs enhance the charge separation, a large photocurrent response can be generated. By this
method, the internal quantum efficiency can reach 93% and a responsivity of 142 mA/W can be
achieved. Since the EDLs show little dependence on the thickness of the ionic liquid, a very large
photocurrent can be produced without the electrodes being superimposed along the light path.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3697988]

Electric double layers (EDLs) formed at ionic liquid/
solid interfaces have received much attention because of
their broad applications in electrochemistry, photochemistry,
catalysis, energy storage, and electronics." However, until
now there has been no study on the application of EDLs to
organic optoelectronic conversion. The Helmholtz model®
indicates that, if an ionic liquid is inserted between an elec-
trode and an organic semiconductor, the potential difference
between them forms EDLs at the ionic liquid/solid interfa-
ces, and potential drops are confined within the outer Helm-
holtz plane (OHP), as shown in Figure 1(a). It is also notable
that the thickness of the OHP is nearly independent of the
thickness of the electrolyte. This feature is very different
from those of solid-state dielectric materials, in which the
potential change occurs linearly (Figure 1(b)), so that the
charge accumulation at their interfaces significantly depend
on their thickness. The ultrathin potential drop region caused
by the EDLs allows for high density charge accumulation,’
which can be exploited for organic optoelectronic
conversion.

To date, all the organic photocells possess one common
structural feature, where a photoactive organic layer is sand-
wiched between two electrodes. One electrode is transparent
for illumination, and through it the incident light excites the
photoactive layer. The generated charges, after charge
separation, are accumulated at the electrodes, producing a
conduction current.* Due to the low carrier mobilities of or-
ganic semiconductors, the organic layer between the two
electrodes should be thin, and only the superimposed area
between top and bottom electrodes is available for photocur-
rent generation,” as shown in Figure 2(a). In general, there is
no photocurrent contribution from illumination of the non-
superimposed area because of a poor collection of the photo-
carriers, due to ohmic losses.® This type of organic photocell
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has many drawbacks, such as the difficulty in thin and large-
area fabrication of the organic layer without pin holes, and
the most critical point is the limitation of transparent elec-
trode materials. Indium tin oxide (ITO) has been widely used
as the most popular incident electrode due to its transpar-
ency,’ but it is expensive and brittle.® Therefore, as shown in
Figure 2(b), if direct excitation of the organic layer can
effectively produce photocurrent between the two electrodes
which are not superimposed along the light path, such elec-
trode-position-free (EPF) photocurrent will renew the opera-
tion principle, the photocell design and the material
innovation for organic photodetection, sensing, and optical
communication, because transparency is no longer an indis-
pensable condition for the electrodes.

To realize highly efficient EPF organic optoelectronic
conversion, the present work is based on the idea of combin-
ing displacement current and ionic liquids, which has
attracted much attention in electronics due to its potential
applications in various devices, such as capacitors, batteries,
solar cells, fuel cells, and actuators.” Recently, ionic liquids
have been utilized as gate-dielectrics for organic thin film
transistors (OTFTs),'® because high-density carrier accumu-
lation can be realized through the EDLs formed at the inter-
face between the organic semiconductor and the ionic liquid.
Displacement current is not an electric current of moving
charges, but a time-varying change in electric field, to which

Organic
Electrode y | | Semiconductor Qrganic
| lonic Liquid | § ®g Electrode Solid-State Semiconductor
| | Dielectric s
| |
| |
Potential Potential
: Potential Potential
® : Potential Drop:
i | o, Potential Drop
OHP OHP m
(a) (b)

FIG. 1. Potential drops in ionic liquid (a) and solid-state (b) dielectrics,
which are sandwiched by an electrode and organic semiconductor.

© 2012 American Institute of Physics
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FIG. 2. (a) The structure of conventional organic photocells, in which the
incident light irradiates the superimposed area between top and bottom elec-
trodes. (b) The structure of electrode-position-free organic photocells, in
which the incident light directly irradiates the organic layer(s) without pass-
ing through the bottom electrode.

dielectric polarizations in materials make a dominant contri-
bution. Therefore, the propagation of displacement current
does not need direct contact between an electrode and the
photoactive layer,'" whereas such direct contacts are critical
for the conduction current in conventional organic
photocells,‘l_8

To produce displacement current effectively, we have
recently developed an organic photocell structure of elec-
trode 1/polarization layer (PL)/charge-separation layer
(CSL)/Electrode 2, where one of the electrodes is transpar-
ent. The insulating PL between the CSL and the electrode
acts as a capacitor to induce the displacement current, and to
propagate it from the CSL to the Electrode 2. When a capaci-
tor is introduced into a circuit, the capacitive reactance
should be considered. The relation between the capacitance
C and the capacitive reactance X is

1
XF_Z-n-f-C’ &y
where f is the frequency. The larger the capacitance, the
smaller the capacitive reactance, resulting in an increase in
the alternating current. In this context, ionic liquids are suita-
ble candidates for PL because of their large capacitance
caused by the formation of electric double layers (EDLs) at
liquid/solid interfaces,'” and high ionic conductivities."?
Note that the EDLs depend little on the thickness of the ionic
liquid, so that displacement current can be produced even if
the two electrodes are separated by a long distance. When
the EDLs have been introduced into the photocells, the pres-
ent mechanism is not suitable for solar cells which produce
steady-state current, but it is suitable for organic photodetec-
tion, sensing, and optical communication.

Two kinds of ITO/PL/CLS/Aluminum (Al) photocells
were fabricated, in which an ionic liquid, N,N-diethyl-N-
methyl(2-methoxyethyl) ammonium bis(trifluoromethylsul-
fonyl)imide (DEME-TFSI), and a well-known polymer
dielectric, polyvinylidene fluoride (PVDF), were adopted as
PL. The CSLs were common: a blend thin-film of zinc
phthalocyanine (ZnPc) and fullerene (Cgp) (ratio 1:1, 50 nm)
fabricated by vacuum vapor deposition. The photocell struc-
tures are schematically shown in Figures 3(a) and 3(b), and
the measurement diagram is illustrated in Figure S1.'" The
photocells were irradiated from the ITO side by a 532nm
continuous wave (CW) laser modulated by a light chopper at
3000 Hz, with an output power density of 13 mW/cm?. The
photocurrent was measured using a current amplifier and an
oscilloscope without a bias voltage.
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FIG. 3. (a) The device structure of ITO/DEME-TFSI/ZnPc:C¢o/Al with the
molecular structures of ZnPc, Cg, and DEME-TFSI. The equivalent circuit
is also shown, in which the two Cgpr are the capacitors formed at the inter-
faces, and the Ry, is the resistor of bulk DEME-TFSI. (b) The device struc-
ture of ITO/PVDF/ZnPc:Cgo/Al, the molecular structure of PVDF, and the
equivalent circuit, in which C is the capacitor for the PVDF layer. (c) The
photoresponse of the ITO/DEME-TESI (0.15 mm)/ZnPc:Cgy (50 nm)/Al
(black curve) and ITO/PVDF (200 nm)/ZnPc:Cgo (50 nm)/Al (blue) photo-
cells under illumination of a light-chopper-modulated 532nm laser
(3000 Hz) with a power density of 13 mW/cm?. The red curve shows the
time dependence of the incident light power density.

The red curve in Figure 3(c) shows the time dependence
of the incident light power density, measured with a silicon
photodiode. The black curve in Figure 3(c) shows the time
trajectory of the photocurrent for the ITO/DEME-TFSI/
ZnPc:Cgo/Al cell. When the light turns on, the current
quickly increases, and, after making a maximum, it shows a
gradual decrease. When the light turns off, the current sud-
denly changes the polarization from positive to negative, and
after passing through a negative peak, it shows a gradual
decrease. The black curve clearly shows a very effective pro-
duction of displacement current. The blue curve in this figure
shows the photocurrent of the ITO/PVDF/ZnPc:Cgo/Al cell.
This curvature is similar to that of the black one, but the pho-
tocurrent of the PVDF cell is smaller than that of the DEME-
TFSI cell by more than one order of magnitude, even though
they have the common CSL. As is expected, the displace-
ment current is significantly enhanced by the ionic-liquid PL.

We briefly discuss the mechanism of the transient cur-
rent, following the discussion in reference.'> Figure 3(b)
includes the equivalent circuit of the ITO/PVDF/ZnPc:Cgy/
Al photocell. The modulated periodical light-on and -off pro-
duce an alternating electric field in the PL. During the light-
on period, the field intensity increases, and the equivalent
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capacitor is charged up, and, in the following light-off pe-
riod, the negative transient photocurrent appears due to the
discharging of the capacitor, decreasing the electric field
intensity.

Figure 3(a) includes the equivalent circuit of the ITO/
DEME-TFSI/ZnPc:Cgy/Al photocell, in which the PL corre-
sponds to the two capacitors and one resistor in between, due
to the formation of EDLs at both the solid/liquid interfaces.
Since, this Cgpp-RpuLk-CepL series can be regarded as a ca-
pacitor, however, we can apply the above discussion to this
photocell. In fact, the device capacitance of the DEME-TFSI
and PVDF cells were estimated as 18.3 nF and 0.5 nF at
3000 Hz, respectively. The capacitance of the former was
much larger than that of the latter,'®!7 due to the formation
of EDLs, which was reported to be maintained up to
100kHz."” This is consistent with the extremely large tran-
sient photocurrent of the DEME-TFSI photocell.

The external quantum efficiency (EQE) and the internal
quantum efficiency (IQE) were estimated for the ITO/
DEME-TFSI/ZnPc:Cgo/Al photocells. In these measure-
ments, the thickness of the CSL was thin (25 nm) due to the
low conductivity and the short exciton diffusion length
(<50nm) in the organic materials.'® Figure 4(a) shows the
wavelength dependence of the EQE and IQE, which were
calculated from the peak values of the transient photocurrent
during the light-on period. Their wavelength dependence
agrees well with the absorption spectrum of the CSL shown
in Figure 4(b). The peak value of the IQE reaches 93%,
which indicates nearly all the absorbed photons have been
converted into photocurrent. It is worth noting that the high
density charge accumulation in the PL would enhance the
charge separation in the CSL. Furthermore, the responsivity
R; of this photocell was calculated, using,

In q-/4-EQE

R =
Popt h-c

. 2

where I,,;, is the produced photocurrent, P, is the input light
power, hc// is the photon energy, and ¢ denotes the elemen-
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FIG. 4. (a) EQE (black line) and IQE (red line) spectra of the ITO/DEME-
TFSI (0.15 mm)/ZnPc:Cg (25 nm)/Al photocells obtained by irradiation of
the light-chopper-modulated monochromatic light from 400 nm to 800 nm
(3000 Hz) without a bias voltage, which are calculated from the peak current
of the photocells. (b) Responsivity spectrum (black), which is calculated
from the EQE and the absorbance spectrum (red) of ZnPc:Cg (ratio 1:1,
25 nm) blend film.
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tary charge. The responsivity at 620 nm without a bias volt-
age, corresponds to 142 mA/W, which is much larger than
those of the conventional organic photodetectors operated by
a bias Voltage.]9

The EPF measurements were carried out, with the ITO/
DEME-TFSI (0.15mm)/ZnPc:Cgy (50nm)/Al and ITO/
PVDF (200 nm)/ZnPc:Cg, (50nm)/Al cells, in which the
linear-patterned ITO and Al electrodes make a cross, sand-
wiching the CSL and PL (see Figure 5(a)). The widths of the
ITO and Al electrodes are 2 and 1 mm, respectively. These
photocells were illuminated from the ITO side under the
same conditions described for Figure 3(c). The laser spot
size diameter was 0.36 mm. The photocurrent was recorded,
moving the illumination spot along the line-shape Al elec-
trode from the superimposed to non-superimposed area, as
shown in the Figure 5(a). When the illuminated spot in the
CSL deviates from the cross-section area in the present pho-
tocell structure, there is an increase in the thickness of the
PL between the ITO and the excited CSL area. Figure 5(b)
shows the plots of the photocurrent (peak values in Figure
S4'%) vs. the distance d which represents the distance
between the laser spot and the right edge of the ITO elec-
trode. The photocurrent is normalized by the value obtained
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FIG. 5. (a) The scheme for the EPF measurements: cross section and bottom
views, in which the incident light spot (red cross) moves from the center of
the superimposed area between ITO and Al to the non-superimposed area
along the line-shape Al electrode. (b) The distance dependence of the light-
on peak photocurrent for the DEME-TESI (square) and PVDF (triangle)
photocells, and the values are normalized by those at d = —1 mm. The dis-
tance d is between the laser spot (0.36 mm in diameter) and the right edge of
the ITO electrode (see (a)), and the red curve shows the admittance of the
DEME-TFSI cell, in which the values are normalized by that at d = —1 mm.
(c) The scheme for the cell impedance measurements: cross section and bot-
tom views, in which the Al electrode is parallel to the ITO electrode and d
represents the gap distance between the two electrodes.
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PVDF cell exhibits no photocurrent from the non-
superimposed area, the photocurrent of the DEME-TFSI cell
shows only a gradual decrease with an increase in d. Surpris-
ingly, the current is still more than 20% of the original value
at a macroscopic distance of d =6 mm, which is much larger
than the thickness of the CSL.

Figure S3'* shows the results for the ITO/poly(3.4-eth-
ylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
ZnPc:Cgy (50nm)/DEME-TFSI (0.15 mm)/Al cell, in which
the CSL is separated from the Al electrode by DEME-TFSI.
In this case, hole accumulation takes place at the ITO side.
This photocell was also found to exhibit a large displacement
current, and EPF properties.

The above phenomena indicate the universality of the
EPF system, which means either the anode or cathode elec-
trode position can be free. It is also clear that this property is
caused by the formation of EDLs. When the illuminated spot
in the CSL deviates from the cross-section area in the present
photocell structure, there is an increase in the thickness of
the PL between the ITO and the excited CSL area. Regarding
solid-state PLs such as PVDF, the whole PL works as a uni-
form capacitor (see the equivalent circuit in Figure 3(b)).
Therefore, the capacitive reactance of the PL shows a linear
increase with an increase in its thickness; e.g., the capacitive
reactance of PVDF of 1 mm thickness is larger than that of
200 nm by 5000 times. It is reasonable for the PVDF cells
not to exhibit EPF photocurrent; the photocurrent at
d > 1 mm is negligibly small, compared to that at d =0 mm.
Figure 3(a) shows the equivalent circuit of the DEME-TFSI
cells, having a Cgpp -RpuLk-CepL structure. As is mentioned
in the introduction, the Cgpy. depend little on the thickness of
the DEME-TFSI layer. Though Rpyik linearly increases
with the layer thickness, the impedance of the whole cell
only shows a small increase. For this reason, transient photo-
current of the DEME-TFSI cell is maintained.

The PL-thickness dependence of the impedance for the
ITO/DEME-TFSI/ZnPc:Cgo/Al cells was examined, using a
measurement setup in Figure 5(c), where the line-shape of
ITO and Al electrodes were parallel. The obtained admittan-
ces are plotted against the distance between ITO and Al as a
red curve in Figure 5(b), in which their values are normal-
ized by that at d = —1 mm. The red curve explains well the
dependence of the photocurrent, indicating that the EPF
property of the ionic-liquid photocells owes to the formation
of EDLs.

In summary, we have obtained extremely large displace-
ment current from the ITO/DEME-TFSI/ZnPc:Cgy/Al photo-
cells, due to the high density charge accumulation, caused by
the formation of EDLs at the solid/liquid interfaces. The
responsivity and IQE of these photocells reached 142 mA/W
and 93%, respectively. Since the EDLs depended little on
the thickness of the ionic liquid, the light-induced displace-
ment current was effectively produced, even by illumination
at the non-superimposed area between anode and cathode
electrodes. Such EPF optoelectronic conversion can be used
for photodetectors, sensors, and optical communication devi-
ces and should have great implications; any conducting

Appl. Phys. Lett. 100, 163304 (2012)

materials can be used as the electrodes in organic optoelec-
tronic devices, regardless of their transparency, and tandem
cell structures can be easily fabricated for broad light-
harvesting bands.
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